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Abstract
The Standard Model (SM) is amended by one generation of quarks and leptons
which are vector-like (VL) under the SM gauge group but chiral with respect to
a new U(1)3−4 gauge symmetry. We show that this model can simultaneously
explain the deviation of the muon g − 2 as well as the observed anomalies in
b→ sµ+µ− transitions without conflicting with the data on Higgs decays, lepton
flavor violation, or Bs − B¯s mixing. The model is string theory motivated and
GUT compatible, i.e. UV complete, and fits the data predicting VL quarks,
leptons and a massive Z ′ at the TeV scale, as well as τ → 3µ and τ → µγ
within reach of future experiments. The Higgs couplings to SM generations are
automatically aligned in flavor space.
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1 INTRODUCTION
The Standard Model (SM) is a highly successful theory in predicting and fitting many ex-
perimental measurements, with few exceptions. One of the discrepancies between the SM
prediction and experimental measurement that has been known for a long time, is the muon
anomalous magnetic moment. The discrepancy between the measured value and the SM
prediction is [1, 2]
∆aµ = a
exp
µ − aSMµ = 288(63)(49)× 10−11 . (1)
More recently, there appeared deviations from the SM predictions in b→ sµ+µ− transitions
related to tests of lepton flavor universality in the observables R(K) and R(K∗) [3, 4], semi-
leptonic branching ratios [5–7], and angular distributions [8–14]. Most interestingly, all of
the more recent anomalies can simultaneously be explained [15–23] by specific deviations
from the SM in one or more of the Wilson coefficients C9, C
′
9, C10 and/or C
′
10 of the effective
Hamiltonian [24, 25] (see [26] for a possible role of additional tensor operators)
Heff = −4GF√
2
VtbV
∗
ts
e2
16pi2
∑
j=9,10
(CjOj + C ′jO′j) + h.c. , (2)
where
O9 = (s¯γµPLb) (µ¯γµµ) , O′9 = (s¯γµPRb) (µ¯γµµ) , (3)
O10 = (s¯γµPLb) (µ¯γµγ5µ) , O′10 = (s¯γµPRb) (µ¯γµγ5µ) . (4)
A simple extension of the SM that can explain the discrepancy of the muon g − 2 are VL
leptons that couple exclusively to muons [27–29]. On the other hand, the anomalies in
b→ sµ+µ− transitions can be explained by a new massive vector boson of a spontaneously
broken U(1)µ−τ gauge symmetry and the introduction of VL quarks [30, 31] (see [32] for a
generalization of the new gauge symmetry). Indeed, it has been shown that combining an
additional Z ′, VL leptons, and VL quarks one can successfully address both the muon g− 2
and the anomalous B physics observables simultaneously [33–35]. Typically these models
predict significant deviations of the SM in h → µµ [28, 29], h → µτ [31, 34] and have an
upper bound on the Z ′ mass by keeping Bs − B¯s oscillations close to their SM value [30].
In the present paper we suggest a holistic way of solving the discrepancies in (g − 2)µ
and b → sµ+µ−. We amend the SM by one complete family of fermions, i.e. a full spinor
representation of SO(10), which is VL with respect to the SM but chiral with respect to
a new spontaneously broken “U(1)3−4” gauge symmetry. Under the new gauge group the
third SM family and the left-handed part of the new “VL” family have charges +1 and
−1, respectively, while all other fermions are neutral. Our model is motivated by heterotic
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string orbifold constructions [36–43], which, in addition to the full MSSM spectrum, typically
contain myriads of states which are VL with respect to the SM gauge group, but chiral under
new U(1)′ gauge symmetries. In addition, there are many SM singlet scalars that break the
additional gauge symmetries, thus giving mass to the vector-like states and the extra gauge
bosons. While in earlier constructions these extra states were lifted to the string scale, our
model is a prototype of what can happen if at least one extra generation is kept light, i.e.
at the TeV scale. Our analysis is not supersymmetric, but it could easily be extended to a
supersymmetric model in which case gauge coupling unification is maintained.
We find that the model can simultaneously fit the observed quark and lepton masses, as
well as the (g − 2)µ and b → sµ+µ− anomalies without violating bounds from electroweak
precision observables, lepton flavor violating (LFV) decays or Bs− B¯s mixing. Interestingly,
the electroweak singlet Higgs boson couplings in our model are automatically aligned with
the SM values to a very high degree. Contrary to [30, 31, 34] there is no upper bound on
the Z ′ mass from the Bs− B¯s mixing constraint, simply because the “VL” fermions and the
Z ′ simultaneously obtain mass of the order of the U(1)3−4 breaking scale.
To substantiate our arguments we present two data points that can fit all measured ob-
servables while predicting others. The masses of new quarks and leptons, as well as of the
new Z ′ are all at the TeV scale. The Z ′ in our example has very suppressed couplings to
the first family, meaning that Z ′ production at the LHC is suppressed. Bs − B¯s mixing is
predicted to deviate from the SM at the level of a few percent. There are significant enhance-
ments in BR(Bs → K(∗)τ τ¯) and BR(Bs → φτ τ¯), while Rνν¯K(∗) is suppressed. Furthermore,
our best fit points predict BR(τ → µγ) and BR(τ → 3µ) in reach of upcoming experiments.
2 MODEL
The model under investigation is the SM with three right-handed neutrinos extended by
a complete extra generation of left-chiral fields and a complete extra generation of right-
chiral fields. Furthermore, we introduce a new “U(1)3−4” gauge symmetry under which the
third SM generation as well as the left-chiral part of the fourth generation of particles is
charged. The U(1)3−4 gauge symmetry is spontaneously broken by the vacuum expectation
value (VEV) of the new scalar Φ. All fields and their corresponding quantum numbers are
summarized in Table 1. The relevant part of the Lagrangian for this study is given by
L ⊃ L3,H + LVL,H + L3,Φ + LVL,Φ + L12,ϕ + LMaj , (5)
3
GSM family (3,2) 1
6
(3,1) 2
3
(3,1)− 1
3
(1,2)− 1
2
(1,1)−1 (1,1)0 U(1)3−4
a = 1, 2 qaL = (u
a
L, d
a
L) u
a
R d
a
R `
a
L = (ν
a
L, e
a
L) e
a
R ν
a
R 0
3 q3L = (u
3
L, d
3
L) u
3
R d
3
R `
3
L = (ν
3
L, e
3
L) e
3
R ν
3
R 1
4L QL = (U
′
L, D
′
L) UR DR LL = (N
′
L, E
′
L) ER NR −1
4R QR = (U
′
R, D
′
R) UL DL LR = (N
′
R, E
′
R) EL NL 0
H Φ (ϕ1, ϕ2)
GSM (1,2) 1
2
(1,1)0 (1,1)0
U(1)3−4 0 1 0
D4 1 1 2
Table 1: The quantum numbers of fermions and scalars in our model under the SM gauge
group and under the new U(1)′ ≡ U(1)3−4. Note that primed fields have nothing to do with
the U(1)′ per se but are used to denote constituents of SU(2)L doublets.
with1
L3,H :=− yb q¯3LHd3R − yτ ¯`3LHe3R − yν ¯`3LH˜ν3R + h.c. , (6)
L3,Φ :=− λ3 Φ
(
q¯3LQR + d¯
3
RDL +
¯`3
LLR + e¯
3
REL
)
+ h.c. , (7)
LVL,H :=− λLR
(
Q¯LHDR + L¯LHER + L¯LH˜NR
)
+ h.c. (8)
− λRL
(
Q¯RHDL + L¯RHEL + L¯RH˜NL
)
+ h.c. , (9)
LVL,Φ :=− Φ∗
(
λQQ¯LQR + λDD¯RDL + λLL¯LLR + λEE¯REL + λNN¯RNL
)
+ h.c. , (10)
L12,ϕ :=− λ2 ϕa
(
q¯aLQR + d¯
a
RDL +
¯`a
LLR + e¯
a
REL
)
+ h.c. . (11)
LMaj :=− 1
2
MLNCLNL −
1
2
MabR (ν
a
R)
CνbR −
(
MRNCRν
3
R + h.c.
)
. (12)
We take all couplings to be real and – in some GUT spirit – set many of them alike. Couplings
to the up quark sector electroweak singlets (uaR, u
3
R, UR, and UL) are not displayed because
they will not be constrained by our analysis. It is summed over the repeated indices a = 1, 2
of the 2 ⊕ 1 flavor structure of the SM families which can, for example, originate from a
D4 flavor symmetry [37, 40, 42–45]. The first and second families are distinguished by the
direction of the D4 breaking VEV 〈ϕa〉 = δa2vϕ. We assume this alignment to happen at
a high-scale M (one should imagine M ∼ Mstring or M ∼ MGUT), and the corresponding
effective operator coefficient, thus, should be imagined as vϕ ≡ 〈Φ˜〉〈ϕ2〉/M where Φ˜ is a
1In our notation PLNL = NL is a two component Dirac spinor which can be written in terms of the two
component Weyl spinor, η, as NL = (η, 0)
T. Then NCL = (0, iσ2η
∗)T.
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SM and U(1)3−4 neutral scalar that gets a VEV around the weak scale. This justifies our
assumption here that the first family does not directly mix with the VL states. We will focus
on the flavor structure of the second and third generations in this study, remarking that the
first family can always be fit in. A more detailed analysis should include all three families
and their flavor physics, but that is beyond the scope of the present paper.
Charged Lepton and Down Quark Masses
The charged lepton mass terms are given by
e¯AL M`AB eBR ≡

E¯L
E¯ ′L
e¯3L
e¯2L

T
λRL v λE vΦ λ3 vΦ λ2 vϕ
λL vΦ λLR v 0 0
λ3 vΦ 0 yτ v 0
λ2 vϕ 0 0 yµ v


E ′R
ER
e3R
e2R
 , (13)
where A,B = 1, .., 4 and the scalar VEVs and couplings are all assumed to be real. Analo-
gously, the down quark mass terms are given by
d¯
A
L MdAB dBR , (14)
with
dL :=
(
DL, D
′
L, d
3
L, d
2
L
)
(15)
dR :=
(
D′R, DR, d
3
R, d
2
R
)
. (16)
The matrix Md has exactly the same structure as M` with the replacements λE → λD,
λL → λQ, yτ → yb, and yµ → ys. Let U `,dL and U `,dR be unitary matrices that diagonalize the
respective mass matrix,
(U `L)
†M` U `R =
(M`)diag ≡ diag (mE,mL,mτ ,mµ) , (17)
(UdL)
†Md UdR =
(Md)diag ≡ diag (mD,mQ,mb,ms) . (18)
The physical fields in the mass basis are then given by
[eˆL,R]
A =
[
(U `L,R)
†]AB [eL,R]B and [dˆL,R]A = [(UdL,R)†]AB [dL,R]B . (19)
Neutrino Masses
Defining the vectors
νL :=
(
NL, N
′
L, ν
3
L, ν
2
L
)
and νR :=
(
N ′R, NR, ν
3
R, ν
2
R
)
, (20)
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the neutrino masses can be written as(
ν¯L
ν¯CR
)T(ML MD
MTD MR
)(
νCL
νR
)
≡ N¯αLMναβ NβR , (21)
where α, β = 1, .., 8 and NCL = NR. The Dirac mass terms MD have the same structure as
M` with the replacements λE → λN , yτ → yν1 , and yµ → yν2 . The Majorana mass terms
ML,R have non-zero elements 2 [ML]11 = ML, [MR]23 = [MR]32 = MR and 2 [MR]44 = M11R
with all other elements being zero. Assuming the hierarchy M ∼ ML,R  vΦ,ϕ  v the
neutrino mass matrix can be analytically diagonalized and we give details about that in
App. A. The physical states are
NˆαL =
[
(Uν)T
]αβ
NβL , Nˆ
α
R =
[
(Uν)†
]αβ
NβR , (22)
with corresponding masses
(Uν)TMν Uν = (Mν)diag ≈ diag
(
M,M,
M
2
,
M
2
,MD,MD, 0, 0
)
, (23)
up to corrections of the order v2(Φ,ϕ)/M . There are four sterile neutrinos with mass at the
high scale. Furthermore, there are two light active neutrinos with mass of order M2W/MGUT
and one (mostly) Dirac neutrino with a TeV scale mass (cf. App. A)
MD =
√
(λL vΦ)
2 + (λ3 vΦ)
2 + (λ2 vϕ)
2 . (24)
Adding the first generation back in gives one additional high scale sterile neutrino and one
additional light active neutrino.
Z-Lepton Couplings
The Z-lepton couplings in the mass basis are
L ⊃ Zµ
(
ˆ¯eAL γ
µ
[
gˆZL
]
AB
eˆBL + ˆ¯e
A
R γ
µ
[
gˆZR
]
AB
eˆBR
)
, (25)
with coupling matrices
gˆZL,R = (U
`
L,R)
†gZL,RU
`
L,R . (26)
The un-hatted coupling matrices are in the gauge basis and given by
gZL,R =
g
cW
[
1 gZ,SML,R ± diag
(
1
2
, 0, 0, 0
)]
, (27)
where gZ,SML = (−1/2 + s2W ), gZ,SMR = s2W , and we use the abbreviations sW = sin θW ,
cW = cos θW . Since these matrices are not proportional to the identity matrix, the Z-lepton
couplings are not diagonal in the mass basis. Hence, this model has LFV Z boson decays,
which are, however, only effective amongst the heavy VL quarks and leptons.
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W -Lepton Couplings
The W -lepton couplings in the mass basis are
L ⊃ W+µ
(
ˆ¯NαLγ
µ
[
gˆWL
]
αB
eˆBL +
ˆ¯NαRγ
µ
[
gˆWR
]
αB
eˆBR
)
+ h.c. , (28)
where
gˆWL =
g√
2
[(Uν)TgWL U
`
L] and gˆ
W
R =
g√
2
[(Uν)†gWR U
`
R] , (29)
with the 8× 4 coupling matrices of the gauge basis
gWL =
(
diag (0, 1, 1, 1)
04×4
)
and gWR =
(
04×4
diag (1, 0, 0, 0)
)
. (30)
Z′ Couplings
The Z ′ couplings to charged leptons in the mass basis are
L ⊃ g′Z ′µ
(
ˆ¯eALγ
µ
[
gˆ`L
]
AB
eˆBL + ˆ¯e
A
Rγ
µ
[
gˆ`R
]
AB
eˆBR
)
, (31)
where
gˆ`L,R = (U
`
L,R)
†gL,RU `L,R , (32)
with the U(1)3−4 charge matrices
gL = gR = diag(0,−1, 1, 0) . (33)
The Z ′ couplings here are not left-right symmetric, recall the charge assignment Tab. 1,
and our skewed definition of the right-handed states in (13) and (16). The Z ′-down quark
couplings in the mass basis are completely analogously given by
L ⊃ g′Z ′µ
(
ˆ¯dALγ
µ
[
gˆdL
]
AB
dˆ
B
L +
ˆ¯dARγ
µ
[
gˆdR
]
AB
dˆ
B
R
)
, (34)
with
gˆdL,R = (U
d
L,R)
†gL,RUdL,R . (35)
The Z ′ mediated flavor changing neutral currents (FCNC) between the SM 2↔ 3 gener-
ations are naturally suppressed because they only arise from the mixing with the heavy VL
states.
The Z ′ couplings to neutrinos in the mass basis can be written as
L ⊃ g′Z ′µ
(
ˆ¯NαLγ
µ [gˆn]αβ Nˆ
β
L
)
, (36)
with the coupling
gˆn = (Uν)T gn (Uν)∗ , (37)
and the gauge basis charge matrix
gn = diag (0,−1, 1, 0, 0, 1,−1, 0) . (38)
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Higgs-Lepton Couplings
The couplings between the physical Higgs boson, h, and the charged leptons in the mass
basis are
L ⊃ − 1√
2
h ˆ¯eAL Yˆ
`
AB eˆ
B
R + h.c. , (39)
where
Yˆ ` =
(
U `L
)†
Y ` U `R , (40)
with the gauge basis couplings
Y ` =

λRL 0 0 0
0 λLR 0 0
0 0 yτ 0
0 0 0 yµ
 . (41)
A very interesting feature of this model is that the masses of the SM families are to a very
high accuracy linear in the Higgs VEV. Thus, the Higgs couplings in the mass basis, Yˆ `, are
to a high precision diagonal in the lower 2× 2 block. Hence, the Higgs couplings to the SM
states are very much SM-like and there are no significant flavor violating Higgs couplings
among the SM states. We give an analytic proof of this feature in App. B. Flavor off-diagonal
couplings of the VL states (also to the SM states) can be sizable.
3 OBSERVABLES
Lepton Non-Universality
Generally, our model gives rise to lepton non-universality in the operators O(′)i=9,10 by tree-
level Z ′ exchange. The corresponding effective contributions to the Wilson coefficients are
C
(′),NP
i = −
√
2
4GF
1
VtbV ∗ts
16pi2
e2
1
2 v2Φ
g
(′)
eff,i , (42)
with the couplings
geff,9 =
[
gˆdL
]
43
[
gˆ`R + gˆ
`
L
]
44
, geff,10 =
[
gˆdL
]
43
[
gˆ`R − gˆ`L
]
44
, (43)
g′eff,9 =
[
gˆdR
]
43
[
gˆ`R + gˆ
`
L
]
44
, g′eff,10 =
[
gˆdR
]
43
[
gˆ`R − gˆ`L
]
44
. (44)
These couplings are expressible solely through mixing matrix-elements, for example
geff,9 =
(
[Ud †L ]43[U
d
L]33 − [Ud †L ]42[UdL]23
)
× (45)(
[U ` †L ]43[U
`
L]34 − [U ` †L ]42[U `L]24 + [U ` †R ]43[U `R]34 − [U ` †R ]42[U `R]24
)
. (46)
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While we focus on the Z ′ coupling to muons in order to explain the observed anomalies, our
model also modifies the effective Wilson coefficients C
(′),ττ
9,10 and C
(′),νν
9,10 leading to lepton non-
universality also in BR(Bs → K(∗)τ τ¯) and BR(Bs → φτ τ¯). Quantitative results for these
observables have been obtained using the formulas given in [46] from where we also adopt
the SM prediction (cf. also [47, 48]). The NP contributions to the Wilson coefficients C
(′),νν
9,10
affect the SM prediction for BR(Bs → K(∗)νν¯) and we have followed [49, 50] to quantify
these effects in our model.
Muon Anomalous Magnetic Moment
The W , Z and h contributions to the anomalous magnetic moment of the muon are very close
to their SM values and we do not detail them here. On the other hand, the Z ′ contribution
can be sizeable, despite its TeV-scale mass. This is due to off-diagonal muon-Z ′ couplings
to VL leptons, allowing them to significantly contribute to the g − 2 loop. Since the VL
leptons and Z ′ masses are of the same scale, the leading order contribution has one power
of mµ/MZ′ less than the naive flavor diagonal Z
′ contribution (cf. e.g. the discussion in [51,
sec. 7.2]). Parametrically, the dominant modification of (g − 2)µ in our model is of the size
δaZ
′
µ '
mµ
16pi2 vΦ
∑
a∈VL
[gˆ`L]4a[gˆ
`
R]4a , (47)
where the sum goes over the VL leptons. Naively this points to a scale vΦ ∼ 102 TeV, but
the FC couplings to the VL leptons can easily be O(0.1). In addition, the contributions of
individual VL leptons can partly cancel against one another and we will see this effect to be
at work in our numerical analysis below. We give detailed formulas for δaZ
′
µ in App. C.
Bs − B¯s Mixing
There is a new tree-level contribution to Bs − B¯s mixing due to Z ′ exchange. We adopt the
results and numerical factors from [30, 52] and estimate the relative change of the mixing
matrix element
δM12 '
(
g2
16pi2M2W
(VtsVtb)
2 2.3
)−1
1
2 v2Φ
(
|[gˆdL]34|2 + |[gˆdR]34|2 + 9.7 Re([gˆdL]34[gˆd,∗R ]34)
)
. (48)
The most recently updated theoretical uncertainty shows that a deviation from the SM of
δM12 . 6% can currently not be excluded [53]. This gives an important constraint on the
down sector flavor changing Z ′ couplings. In our model the b − s coupling is suppressed
because it only arises from the mixing with the heavy VL states such that the Z ′ can be
kept at the TeV scale consistent with the bound derived in [54].
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Lepton Flavor Violating τ Decays
Tree-level Z ′ exchange also induces the decay τ → 3µ. We follow Ref. [55, 56] to estimate
BR(τ → 3µ) ≈ 1
Γτ
m5τ
1536pi3
1
4 v4Φ
×(
2
∣∣[gˆ`L]43[gˆ`L]44∣∣2 + 2 ∣∣[gˆ`R]43[gˆ`R]44∣∣2 + ∣∣[gˆ`L]43[gˆ`R]44∣∣2 + ∣∣[gˆ`R]43[gˆ`L]44∣∣2) . (49)
There is also a new contribution to τ → µγ due to Z ′ and the new VL leptons in the loop,
which is enhanced by a power of the VL mass. Using the results of [57] (cf. also [58–60]) we
estimate the leading order contribution to be
BR(τ → µγ) ' 1
Γτ
αm3τ
1024pi4
1
4 v2Φ

∣∣∣∣∣∑
a∈VL
[gˆ`L]4a[gˆ
`
R]a3
∣∣∣∣∣
2
+
∣∣∣∣∣∑
a∈VL
[gˆ`R]4a[gˆ
`
L]a3
∣∣∣∣∣
2
 , (50)
where the sum is over internal VL leptons. For the numerical analysis we have used a more
detailed result which we present in App. D.
Other Observables
Flavor violating couplings of the Z or the SM scalar h to the SM families are generally
suppressed far below their experimental thresholds. In contrast, flavor changing couplings
to the heavy VL leptons can be large. Since our Z ′ is heavy, neutrino trident production
[30, 61] does not give any important constraints. Lepton unitarity bounds (cf. e.g. [62, 63])
are easily fulfilled. In addition, there are no constraints coming from the branching ratios
for h→ γγ or h→ gg via loop diagrams, since these contributions are suppressed by factors
of (v/MV L)
2 (see e.g. [59, 64–66]).
4 ANALYSIS
Strategy
This model can explain the anomalies in the muon g−2 and b→ sµ+µ− transitions without
obviously conflicting with other experimental data. To demonstrate this, we have constructed
a χ2-function including the appropriate errors to simultaneously fit the anomaly in (g − 2)µ
with the value given in (1), and to reproduce two of the best-fit values of [15] (cf. also [16–23])
for a consistent explanation of b→ sµ+µ− anomalies:
I. : CNP9 ≈ −1.21± 0.2 , C ′9 ≈ CNP10 ≈ C ′10 ≈ 0 , (51)
or II. : CNP9 ≈ −1.25± 0.2 , C ′9 ≈ 0.59± 0.2 , CNP10 ≈ C ′10 ≈ 0 . (52)
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Best fit point I.
λµ = −0.00008520346 λτ = 0.010031941
λs = −0.002313419 λb = −0.01639676
λL = 0.8595483 λE = 0.8596570
λD = −1.7819031 λQ = −0.3253384
λ3 = −0.018705093 λ2 = −0.7701059
λRL = −0.9926161 λLR = 0.0014518601
vϕ = 1603.0788 vφ = 1622.5729
g′ = −0.7518533
Table 2: Best fit point to the data. We do not list MR, λν1,2 and λN because their precise
values do not affect the results.
Furthermore we fit the masses md, ms, mµ, and mτ at the weak scale [67] while requiring
δM12 . 15% to be consistent with the data and theoretical error of Bs − B¯s mixing. All
other observables are not constrained in the fit, i.e. they arise as predictions of our best
fit points. However, there are currently more parameters than observables and so it is not
excluded that there are more points that fit the data well with different predictions. The first
family could always be included in the analysis in a straightforward way without affecting
our conclusions.2
Results
We have found two points which give a very good fit for the cases (I.) and (II.), they are
listed in Tab. 2 (and in Tab. 4 in App. 4). We cannot find a good fit for CNP9 ' −CNP10 .
The predictions of the best fit points are listed in Tab. 3 together with current experi-
mental bounds. Effects on other observables such as h → µτ , h → γγ, h → gg, neutrino
trident production or PMNS unitarity violation have also been considered, but they are ro-
bustly suppressed in this model and so we do not discuss them in detail. While Z → µτ is
2Including the first family in the most straightforward way the Yukawa couplings and hence resulting
mass matrices are extended to (and similarly for neutrinos and down quarks)
M` =

λRL v λE vΦ λ3 vΦ λ2 vϕ 0
λL vΦ λLR v 0 0 0
λ3 vΦ 0 yτ v 0 0
λ2 vϕ 0 0 y22 v y21 v
0 0 0 y12 v y11 v
 . (53)
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Observable Best Fit I. Best Fit II. Bound
mL,mE 1.78 TeV, 1.95 TeV 2.08 TeV, 2.25 TeV > 450 GeV [68]
mQ,mD 1.34 TeV, 3.15 TeV 1.61 TeV, 3.49 TeV > 900 GeV [69]
MD 1.86 TeV 2.16 TeV
MZ′ 1.73 TeV 2.25 TeV
τ → µγ 4.6× 10−9 5.3× 10−9 < 4.4× 10−8 [70]
τ → 3µ 6.7× 10−10 1.1× 10−9 < 2.1× 10−8 [71]
δM12(Bs − B¯s) 1% −3% . ±6% [53]
BR(Bs → Kττ¯)[15,22] 1.8× 10−7 1.4× 10−7 < 2.25× 10−3 [72]
BR(Bs → K∗τ τ¯)[15,19] 2.5× 10−7 2.9× 10−7
BR(Bs → φτ τ¯)[15,18.8] 2.2× 10−7 2.6× 10−7
Rνν¯K 0.91 0.93 < 4.3 [73]
Rνν¯K∗ 0.91 0.93 < 4.4 [74]
Table 3: Values of (unfitted) observables at our best fit points (central values) and corre-
sponding bounds.
practically absent at tree level, the dominant contribution arises from a one-loop diagram
involving Z ′ and VL leptons in the loop. A rough estimate of this shows that BR(Z → µτ)
nonetheless comes out well below the current bound of 1.2× 10−5 [2].
The loop contributions to (g − 2)µ from Z, W , and h are very close to their SM values
while the FC Z ′ exchange with VL leptons in the loop completely accounts for the anomaly.
The Z ′ contribution to Bs − B¯s is mixing suppressed while larger flavor diagonal couplings
to µµ¯ can explain a sizable CNP9 . The fit prefers a corner of the parameter space where
λE ∼ λL which makes the Z ′ couplings to leptons approximately left-right (anti-)symmetric
(the couplings are LR symmetric or LR anti-symmetric depending on the specific coupling
and we display the coupling matrices for one of the best fit points in App. E). The approxi-
mately LR symmetric couplings to the mu and tau leptons leads to an enhanced contribution
to CNP9 (and possibly also C
′
9) and a dramatic cancellation in the axial vector couplings to
leptons C
(′)
10 . By contrast, the approximately equal but opposite LR (anti-)symmetric con-
tributions of individual VL leptons to the muon g − 2 and τ → µγ cancel only to an order
of magnitude. There are no cancellations in τ → 3µ where the couplings, in fact, add up
constructively. Nevertheless, the tree level process τ → 3µ is suppressed by the naturally
small flavor off-diagonal couplings of the Z ′ to the SM fermion generations. The best-fit
predictions for BR(τ → µγ) and BR(τ → 3µ) fall close to regions that can be probed by
future experiments [75], cf. Fig. 1(a). A positive value of C ′9 allows for a negative shift of
δM12, thereby cushioning a 1.8σ tension between SM and experiment [53]. This happens to
be the case for our best fit point (II.).
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Figure 1: The dots show random events scattered in the χ2 < 1(3) regions around our best
fit points (I.) (Tab. 2) and (II.) (Tab. 4). The colored regions and gray lines in Fig. 1(a) and
Fig. 1(c) show the current experimental exclusion [70, 71] and prospects [75], respectively.
The lower cross in Fig. 1(b) denotes the SM expectation [46] while the upper crosses show
our best fit points with errors computed as in [46]. The green area in Fig. 1(d) shows the
best fit value and errors as in eq. (1).
The NP contributions to the Wilson coefficients C
(′),ττ
9,10 qualitatively follows the patterns
in (51) but with reversed signs. BR(Bs → Kττ¯) and BR(Bs → φτ τ¯) are significantly
increased compared to the SM, cf. Fig. 1(b). By contrast Rνν¯
K(∗) is suppressed compared
to the SM. The suppression of Rνν¯
K(∗) together with a Z
′ explanation of b → sµ+µ− is not
in contradiction with the results of [49]. In our model, we find that the enhancement of
Rνν¯
K(∗) from the second family [49] is counter-acted by a vast suppression of the third family
contributions.
We do not find any observable that causes problems. We stress again that the Z ′ does,
by construction, only very feebly couple to the SM first generation. The gauge coupling g′ is
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only very mildly constrained by the fit with a χ2 < 3 region of g′ ∈ − [5.33(5.08), 0.32(0.39)]
for point I.(II.). Bounds for family specific Z ′ bosons can be obtained from the LHC
√
s =
13 TeV searches [76, 77] and range from MZ′ & 1.3−2.0 TeV [78, 79], while some models can
survive with MZ′ as low as & 500 GeV [80]. Deriving a robust limit for our model requires
to specify the details of the first family couplings which is beyond the scope of this work.
Nevertheless, our Z ′ mass comes out right in the ballpark of current limits and so it can be
searched for at the LHC in dimuon final states. If not with the full run 2 data, our best fit
parameter regions will conclusively be tested by a high-luminosity run of the LHC.
We have scattered one thousand points randomly within the χ2 < 1(3) regions around the
best fit values. There are strong correlations among the masses of the pair of VL leptons,
and between the VL lepton masses and the prediction for BR(τ → µγ) Fig. 1(c). Also
BR(Bs → Kττ¯) and BR(Bs → φτ τ¯) are strongly correlated Fig. 1(b). All other predicted
observables are largely uncorrelated, see e.g. Fig. 1(d).
Given the parameters of our best fit points we can also evaluate the effective Higgs cou-
plings of the SM quarks and leptons (see App. B for details). The resulting Higgs couplings
are diagonal in the mass basis and, moreover, proportional to the masses, just like in the
Standard Model.
For model building it is interesting to compare the (gauge basis) Higgs Yukawa couplings
to the mixing induced contributions to masses of the SM fermion generations. The muon and
strange quark obtain mass predominantly due to mixing effects, and this is also reflected by
their large off–diagonal couplings to the VL states. The tau lepton and b quark, by contrast,
obtain almost all of their mass from the direct Higgs Yukawa coupling and mixing effects
are miniscule.
5 CONCLUSION
We have studied the Standard Model extended by one complete family of “VL” fermions,
including right-handed neutrinos, which are vector-like with respect to the Standard Model
gauge group. In addition we have introduced a new “U(1)3−4” gauge symmetry under which
the third SM family of quarks and leptons have U(1)3−4 charge 1 while the left-chiral part
of the new 4th family has charge −1. Hence, the model is free of gauge anomalies. In our
analysis, we have only considered the mixing of the VL states with the second and third
SM families, while the absence of mixing to the first family is motivated by a high scale
flavor symmetry. The first family could always be included in a straightforward way without
affecting our conclusions, and this should be done in the future in order to study the collider
phenomenology of this model in more detail.
We have shown that this model can fit the anomalies in the muon g − 2 and b→ sµ+µ−
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transitions without conflicting with other experimental data. The best fit points predict (cf.
Tab. 3) new quarks, leptons and a family specific Z ′ at the TeV scale, as well as testable
effects in the lepton flavor violating processes τ → µγ and τ → 3µ. Furthermore, we find a
significant enhancement of BR(Bs → K(∗)τ τ¯) and BR(Bs → φτ τ¯), while Rνν¯K(∗) is suppressed
relative to the SM. Effects on other observables such as Z → µτ , h→ µτ , h→ γγ, h→ gg,
neutrino trident production, or PMNS unitarity violation are all robustly suppressed. The
Higgs couplings in our model are to a very high degree SM-like and we have given an analytic
proof of that.
A Neutrino See-Saw
The neutrino mass matrix is described in (21). In the limit M ∼ ML,R  vΦ,ϕ  v the
eigenvectors of Mν are to a very good approximation given by
N1,2 =
(
0, 0, 0, 0, 0,
1√
2
,± 1√
2
, 0
)
, (54)
N3,4 =
(
1√
2
, 0, 0, 0, 0, 0, 0,± 1√
2
)
, (55)
N5,6 =
1√
2
(
0,
λL vΦ
MD
,
λ3 vΦ
MD
,
λ2 vϕ
MD
,±1, 0, 0, 0
)
, (56)
N7 =
(
0,
λ3√
λ23 + λ
2
L
,− λL√
λ23 + λ
2
L
, 0, 0, 0, 0, 0
)
, (57)
N8 =
1
N8
(
0, 1,−λ3
λL
,−vΦ
vϕ
(λ23 + λ
2
L)
λ2 λL
, 0, 0, 0, 0
)
. (58)
Here we have used
MD :=
√
(λL vΦ)
2 + (λ3 vΦ)
2 + (λ2 vϕ)
2 , (59)
N8 :=
√
1 +
(
λ3
λL
)2
+
[
vΦ
vϕ
(λ23 + λ
2
L)
λ2 λL
]2
. (60)
It is then straightforward to construct the diagonalization matrix Uν from the eigenvectors.
B Higgs Coupling Diagonalization
We wish to show that the Higgs couplings (40) are diagonal in the mass basis. We will
focus on the charged leptons here, but the whole analysis of this section fully applies also
to the d-type quarks by formally replacing λE → λD, λL → λQ, yτ → yb, and yµ → ys.
Phenomenologically we are led to the relations v  vΦ ∼ vϕ and λLR, yτ , yµ  1. Therefore,
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we will treat the lower 3 × 3 block of M` in (13) as perturbation. The leading order mass
matrix, hence, is given by
M` ≈ M˜` ≡ vΦ

λRL ξ λE λ3 λ2
λL 0 0 0
λ3 0 0 0
λ2 0 0 0
 , (61)
where ξ := v/vΦ. The left- and right-singular vectors of this matrix are given by
u`L,1 =
1
N
1/2
L,1
(
−uL−,
λL
λ2
,
λ3
λ2
, 1
)
, u`R,1 =
1
N
1/2
R,1
(
uR−,−
λE
λ2
,−λ3
λ2
,−1
)
, (62)
u`L,2 =
1
N
1/2
L,2
(
uL+,−
λL
λ2
,−λ3
λ2
,−1
)
, u`R,2 =
1
N
1/2
R,2
(
uR+,−
λE
λ2
,−λ3
λ2
,−1
)
, (63)
u`L,3 =
1
N
1/2
L,3
(
0,−λ3
λL
, 1, 0
)
, u`R,3 =
1
N
1/2
R,3
(
0,− λ3
λE
, 1, 0
)
, (64)
u`L,4 =
1
N
1/2
L,4
(
0,−λ2
λL
, 0, 1
)
, u`R,4 =
1
N
1/2
R,4
(
0,− λ2
λE
, 0, 1
)
, (65)
where
u
L(R)
∓ :=
(−)(λ2L−λ2E)−ξ2λ2RL∓
√
(λ2E−λ2L)
2
+4ξ2λ22λ
2
RL+4ξ
2λ23λ
2
RL+2ξ
2λEλ
2
RL+2ξ
2λ2Lλ
2
RL+ξ
4λ4RL
2 ξ λ2 λRL
,
(66)
and the normalization factors NL(R),i are defined by the requirement |u`L(R),i|2 = 1. The
matrices U˜ `L,R have these vectors as columns. The four corresponding singular values are
given by
(U˜ `L)
† M˜` U˜ `R = diag (m˜E, m˜L, 0, 0) , (67)
where one can obtain analytic expressions for m˜E,L but we do not need them here and so
they are not displayed. Numerically, U˜ `L,R ≈ U `L,R and m˜E ≈ mE and m˜L ≈ mL hold at the
percent level. Now regard the perturbation
M` = M˜` + ξ diag (0, λLR, yτ , yµ) . (68)
To leading order in perturbation theory the eigenvalues of the perturbed matrix are obtained
by diagonalizing it with the zeroth-order left- and right-singular matrices. Following this
procedure we find the small singular values of M` to be
m˜τ =
v
N3
∣∣∣∣λτ + λ23 λLRλE λL
∣∣∣∣ , and m˜µ = vN2
∣∣∣∣λµ + λ22 λLRλE λL
∣∣∣∣ , (69)
with
N2(3) :=
√[
1 +
(
λ2(3)/λE
)2] [
1 +
(
λ2(3)/λL
)2]
. (70)
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These values agree with the numerical values to O(1%). There are off-diagonal residuals
which are given by[
(U˜ `L)
†M` U˜ `R
]
34
= δmτµ ≡ v λ2 λ3 λLR√
(λ22 + λ
2
E) (λ
2
3 + λ
2
L)
, (71)[
(U˜ `L)
†M` U˜ `R
]
43
= δmµτ ≡ v λ2 λ3 λLR√
(λ23 + λ
2
E) (λ
2
2 + λ
2
L)
. (72)
They are numerically subdominant compared to the diagonal entries.
The crucial point is that the Higgs couplings in the gauge basis (41) are, at least with
regard to the lower 2 × 2 block, exactly of the same form as the perturbations to the mass
matrix. Approximately diagonalizing the mass matrices with U˜ `L,R, hence, results in the
Higgs couplings
Y˜ `light =
1
v
(
m˜τ δmτµ
δmµτ m˜µ
)
, (73)
which are directly proportional to the mass matrices. There are slight deviations to the
proportionality arising at higher order, but they are numerically not relevant.
Evaluating the effective Higgs couplings in the mass basis numerically for our best-fit
point (I.) (cf. Tab. 2) one finds
Yˆ `light =
GeV
v
(
1.74618 3.46843× 10−7
3.47055× 10−7 0.102717
)
. (74)
Yˆ dlight =
GeV
v
(
2.85391 7.71892× 10−7
1.41639× 10−6 0.0543716
)
. (75)
Clearly the off-diagonal corrections are negligible. Thus, the Higgs coupling to quarks and
leptons is diagonal in the mass basis and, moreover, proportional to the masses, just like in
the Standard Model.
Integrating out the VL Fermions
The fact that the Higgs couplings are very much SM like also holds for the effective mass
matrix of the light (SM) fermions which is obtained after integrating out the heavy VL
fermions, and we wish to show this analytically. The 4× 4 mass matrix (13) can be rotated
to a basis where there is a heavy 2× 2 block. This is given by the transformation
M ` = (XL)
† M`XR , (76)
with
XL =

1 0 0 0
0 N2L λLvΦ N3L λ3vΦ N4LλLvΦ
0 N2L λ3vΦ −N3L λLvΦ N4Lλ3vΦ
0 N2L λ2vϕ 0 −N4L(λ2L + λ23)vΦ
 , (77)
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and
XR =

1 0 0 0
0 N2R λEvΦ N2R λ3vΦ N2R λ2vϕ
0 N3R λ3vΦ −N3R λEvΦ 0
0 N4R λEvΦ N4R λ3vΦ −N4R (λ2E + λ23)vΦ
 , (78)
where
N2L(R) :=
[(
λ2L(E) + λ
2
3
)
v2Φ + λ
2
2 v
2
ϕ
]−1/2
, (79)
N3L(R) :=
[(
λ2L(E) + λ
2
3
)
v2Φ
]−1/2
, (80)
N4L(R) :=
[(
λ2L(E) + λ
2
3
)
λ22v
2
ϕ +
(
λ2L(E) + λ
2
3
)2
v2Φ
]−1/2
. (81)
In terms of 2× 2 blocks M ` is then given by
M ` =
(
Mheavy VR
VL Mlight
)
. (82)
Upon integrating out the heavy states perturbatively we obtain the effective 2 × 2 mass
matrix for the light states given by
M efflight = Mlight − VLM−1heavy VR . (83)
In particular one finds that the effective light masses are to very high accuracy linear in
the Higgs VEV. There are higher order corrections in v but they are numerically irrelevant.
Thus when one diagonalizes the fermion mass matrix one simultaneously diagonalizes the
coupling of the Higgs field to fermions. Hence there are no significant flavor violating Higgs
couplings.
C Details of δaZ
′
µ
The leading order contribution to the muon g− 2 arising from the Z ′ coupling to leptons as
in (31) is given by (see e.g. [29, 51])
δaZ
′
µ = −g′ 2
m2µ
8pi2M2Z′
∑
a
[(|[gˆ`L]4a|2 + |[gˆ`R]4a|2)F (xa) + Re([gˆ`L]4a[gˆ`,∗R ]4a) mamµ G(xa)
]
, (84)
where a runs over all leptons with mass ma in the loop, xa := (ma/MZ′)
2, and the loop
functions
F (x) :=
(
5x4 − 14x3 + 39x2 − 38x− 18x2 lnx+ 8) / [12 (1− x)4] , (85)
G(x) :=
(
x3 + 3x− 6x lnx− 4) / [2 (1− x)3] . (86)
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Best fit point II.
λµ = −0.00023171652 λτ = 0.010033469
λs = −0.0009612744 λb = −0.016371133
λL = 0.8806972 λE = 0.8835616
λD = −1.8024639 λQ = −0.2965286
λ3 = −0.02561451 λ2 = −0.8882496
λRL = −1.021554 λLR = 0.0014201883
vϕ = 1717.639 vφ = 1738.4050
g′ = −0.9171299
Table 4: Best fit point to the data for case (II.). We do not list MR, λν1,2 and λN because
their precise values do not affect the results.
D Details of τ → µγ
The leading order contribution to τ → µγ arises from the flavor off-diagonal Z ′ couplings
between τ − VL and µ − VL. We have used the general results given in [57] to find the
leading order contributions to the partial width
Γ(τ → µγ) = α g
′ 4
1024pi4
m5τ
M4Z′
(|σ˜L|2 + |σ˜R|2) , (87)
with
σ˜L =
∑
a
(
[gˆ`L]4a[gˆ
`
L]a3 F (xa) +
ma
mτ
[gˆ`L]4a[gˆ
`
R]a3G(xa)
)
, (88)
σ˜R =
∑
a
(
[gˆ`R]4a[gˆ
`
R]a3 F (xa) +
ma
mτ
[gˆ`R]4a[gˆ
`
L]a3G(xa)
)
, (89)
where a runs over all leptons with mass ma in the loop, xa := (ma/MZ′)
2, and the loop
functions are the same as in (85) and (86).
E Z′ Couplings at the Best Fit Point(s)
Below we show the coupling matrices of Z ′ in the mass basis for our best fit point (I.). The
analogous couplings for point (II.) are qualitatively the same.
gˆ`L =

−0.2669 0.2798 0.01800 0.3425
0.2798 −0.2934 −0.01890 −0.3591
0.01800 −0.01890 0.9996 −0.0100
0.3425 −0.3591 −0.0100 −0.4393
 (90)
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gˆ`R =

−0.2674 −0.2799 −0.01800 −0.3427
−0.2799 −0.2930 −0.01890 −0.3588
−0.01800 −0.01890 0.9996 −0.0100
−0.3427 −0.3588 −0.0100 −0.4392
 (91)
gˆdL =

−0.000100 −0.004400 0.0007000 0.01030
−0.004400 −0.1539 0.02570 0.3613
0.0007000 0.02570 0.9994 −0.006300
0.01030 0.3613 −0.006300 −0.8454
 (92)
gˆdR =

−0.8418 0.05670 0.01670 0.3604
0.05670 −0.003800 −0.001100 −0.02430
0.01670 −0.001100 0.9998 5.546× 10−6
0.3604 −0.02430 5.546× 10−6 −0.1542
 (93)
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